Abstract: Uranium-europium mixed oxides (U 1y Eu y )O 2x (y = 0.2-0.8) were prepared by the citrate gel combustion technique and characterized by X-ray diffraction (XRD). Single phase fluorite structure was observed in those solid solutions with y ≤ 0.6. The solid solutions with y > 0.6 were found to be biphasic, with the second phase being cubic Eu 2 O 3 . Heat capacity and enthalpy increment measurements were carried out by using differential scanning calorimeter (DSC) and drop calorimeter in the temperature range 298-800 K and 800-1800 K, respectively. The increase was observed in the heat capacity in all of the solid solutions with the onset temperature around 950 K. This could be attributed to the contribution from Frenkel pair oxygen defects. From the excess heat capacity data, the enthalpy for the formation of these defects was computed and found to be in the range of 2.10±0.02 eV.
Introduction
Solid solution of uranium-plutonium mixed oxides is used as a driver fuel in fast reactors. Fission products formed during the irradiation of the fuel are found within its matrix as metallic inclusions, oxide precipitates, and oxide solid solutions. Hence, the composition and the physiochemical properties of the fuel get significantly altered [1] [2] [3] . Thermal induced transport phenomena and chemical interactions among these constituents further accelerate the changes. The thermal conductivity and heat capacity of these solid solutions are important to understand the in-pile behaviour of the fuel. Among the fission products, the rare earths form a sizable fraction (fission yield 50 at%) [4] . Owing to their ionic radii (in their oxides) that are comparable with those of fuel constituents (U and Pu), the rare earths are significantly soluble in the mixed oxide fuel matrix [5] . The studies on the solid solubility of EuO 1.5 in UO 2 , oxygen potentials of uraniumeuropium solid solutions, as well as their defect chemistry, have been reported in the literature [5] [6] [7] [8] [9] . Heat capacity data on uranium-europium mixed oxides with europium content of 4.4 and 9.0 mol% have been reported by Matsui et al. [10] . These authors have observed anomalous increase in the heat capacity, which sets in at temperatures ranging from 950 to 1150 K. Such an anomalous increase in the heat capacity observed in UO 2 doped with rare earth oxides (REO 1.5 , RE = La, Gd, Nd) has been reported in our earlier works [11] [12] [13] . Matsui et al. [10] reported the heat capacity measured by using direct heating pulse calorimetry in the temperature range 300-1550 K for  (U 1y Eu y )O 2x (y = 0.044-0.09). In the present work, the heat capacity and enthalpy increment measurements of (U 1y Eu y )O 2x were carried out over a wide range of composition (y = 0.2-0.8). These results are discussed in this paper.
Experimental

1 Sample preparation and characterization
Europium oxide of 99.99% purity supplied by M/s. Indian Rare Earths and nuclear grade uranium oxide supplied by NFC, Hyderabad, were used for preparing the samples. The solid solutions (U 1y Eu y )O 2x (y = 0.2-0.8) were prepared by citrate gel combustion synthesis. The procedure using which these samples were prepared was reported in our earlier publication [12] . These sample pellets were reduced by heating them in a stream of Ar+8%H 2 gas mixture at 873 K. Subsequently these pellets were sintered at 1873 K for 6 h. A heating/cooling rate was maintained 200 K·h 1 .
Before heating the samples, the furnace was evacuated (10 3 mbar) and filled with ultra high pure Ar+8%H 2 gas mixture thrice. The concentrations of U and Eu in the sintered sample pellets were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES). The concentrations of other metallic impurities were determined by inductively coupled plasma mass spectrometer (ICP-MS) (model number ELAN 250 of M/s. Perkn Helmer, Canada). The samples were analyzed for carbon impurity by using carbon analyzer (model number ELTRACS 800 of M/s. Eltra, Germany). Structural characterization was carried out by using X-ray diffraction (XRD). The XRD patterns were recorded in the range 10  2  80. Peak positions and their relative intensities were computed by using a peak-fit program, which was part of the Philips X'pert Plus ® software. The calibration of the diffractometer was carried out by using single crystal silicon and -alumina standards. The lattice parameter pertaining to the solid solution samples was estimated from the 2 values pertaining to eight major reflections of the oxide with CaF 2 structure. Finally an effective high angle corrected lattice parameter at each temperature was obtained by the standard Nelson Riley extrapolation procedure.
2 Calorimetric measurements
A heat flux type differential scanning calorimeter (DSC, model number DSC821e/700 of M/s. Mettler Toledo GmbH, Switzerland) was used in this study.
Temperature, heat flow, heat flow rate, and -lag calibrations were carried out, as explained in our previous publications [11, 14, 15] . The uncertainty in the heat capacity data measured by the DSC was estimated to be about 2%-3% based on our previous measurements on standard ThO 2 samples [15] . The enthalpy increments of these samples in the temperature range 800-1800 K were determined by using a high temperature drop calorimeter equipped with multi-detector (MHTC-96) supplied by M/s. SETARAM. The procedures used in the measurement of heat capacity and enthalpy increment are described elsewhere [11] [12] [13] [14] [15] .
Results and discussion
1 Chemical assay and phase characterization
The results of the impurity analysis carried out by using ICP-MS and carbon analyzer are listed in Table 1 . The total concentration of impurities in all these solid solutions is found to be less than 500 ppm. The results of the chemical assay (concentrations of U and Eu) by ICP-AES shown in Table 2 
2 Calorimetric measurements
The measured values of the enthalpy increment in the Table 3 . The plot of temperature dependence of the enthalpy increment corresponding to (U 1y Eu y )O 2x (y = 0.2, 0.4, 0.6) are presented in Fig. 3 .
The values of the heat capacity measured by using DSC and those computed from the enthalpy increment by using drop calorimeter were fitted into a polynomial through a least squares regression analysis. The expressions for the temperature dependence of heat capacity values corresponding to the solid solutions (U 1y Eu y )O 2x (y = 0.2, 0.4, 0.6) are presented in Table 4 . From these heat capacity data, the enthalpy, entropy, and Gibbs energy functions were computed. These results are presented in Tables 5-7 [18] .
The combined fit of the heat capacity of (U 1y Eu y )O 2x (y = 0.2, 0.4, 0.6) obtained from the DSC and drop calorimetric experiments is shown in Fig. 4 . As seen in the figure, the heat capacity values of (U 1y Eu y )O 2x (y = 0.2, 0.4, 0.6) decrease with an increase in the Eu content of the solid solution. The dependence of phonon frequencies on the reduced mass of an oscillator comprising masses 1 m and 2 m is given in Eqs. (2) and (3). 
where  is the phonon frequency; k is the force constant; and µ is the reduced mass. The atomic weight of U is 238.03 while that of Eu is 151.97. Doping of Eu in UO 2 lattice will lead to a decrease in the reduced mass. The lower the reduced mass, the higher would be the phonon frequency. The higher the phonon frequency, the lower would be the heat capacity. The increase in the phonon frequency due to the above mentioned factor contributes to the decrease in the heat capacity of (U 1y Eu y )O 2x with an increase in the concentration of Eu. From Fig. 4 , it is evident that considerable anomalous increase in the heat capacity is found to set in at onset temperatures ranging from 950 to 1000 K in all these solid solutions. Such anomalous increase in the heat capacity is usually observed when UO 2 is doped with an aliovalent cation (in this case Eu +3 , Eu +2 ). This phenomenon was reported earlier [11] [12] [13] [19] [20] [21] [22] [23] [24] [25] and has been ascribed to the formation of oxygen Frenkel defect pairs. An estimate of the temperature dependence of the heat capacity pertaining to the solid solutions (U 1y Eu y )O 2x (y = 0.2, 0.4, 0.6) over the temperature range 298-1800 K was obtained by extrapolating the expression derived through the least squares regression analysis of these data in the temperature range 298-900 K. This would hence forth be termed as baseline heat capacity. The baseline (298-900 K) and the combined experimentally determined temperature dependence of heat capacity data in the temperature range 298-1800 K were fitted to the following polynomials by least squares regression analysis, respectively:
The temperature dependence of the heat capacity values (baseline and combined experimental values) is shown in Fig. 4 . The difference between these values of the heat capacity is termed as the excess heat capacity ( p C  ) [10] [11] [12] [13] . The temperature dependence of this excess heat capacity is shown in Fig. 5 . It is evident from this figure that the onset temperature of heat capacity anomaly is around 950 K for all of the solid solutions (U 1y Eu y )O 2x . Matsui et al. [10] measured the heat capacities of (U 1y Eu y )O 2 (y = 0.044-0.09) and have observed that the temperature at which the anomalous increase in the heat capacity sets in gets lowered with an increase in the concentration of Eu in the solid solution. These authors attributed this phenomenon to the decrease in the enthalpy of the formation of defects ( d H  ) with an increase in the dopant concentration. However, it is seen in our earlier work on (U 1y Gd y )O 2±x [13] and (U 1y La y )O 2±x [11] that the onset temperature of the heat capacity anomaly as well as the enthalpy for the formation of defects do not decrease continuously with increase in the dopant (aliovalent cation) concentration. The onset temperature of heat capacity anomaly decreases with increase in dopant concentration and then reaches a plateau. The concentration of dopant over which there will not be any decrease in the enthalpy and defect formation and the onset temperature of heat capacity anomaly is a function of the nature of the dopant. In the case of (U 1y Gd y )O 2±x and (U 1y La y )O 2±x , it lies in the range of 15-20 mol% GdO 1.5 and 20-40 mol% LaO 1.5 , respectively [11, 13] .
The excess heat capacity ( p C  ) due to the formation of Frenkel pair defects of oxygen is given by the following expression [10] :
where R is the gas constant; [10] for (U 1y Eu y )O 2 (y = 0.09) is 1.7± 0.2 eV. Therefore, it can be ascertained that there is no further decrease in the enthalpy of defect formation when the concentration of Eu increases from y = 0.09 to y = 0.2. The slight increase in the enthalpy of the defect formation observed from the present measurement may be due to errors in fitting. Therefore, the plateau region of the concentration of EuO 1.5 over which there will not be any decrease in the enthalpy of the defect formation may be in the values between 9 and 20 mol% EuO 1.5 .
Conclusions
Heat capacity and enthalpy increment data pertaining (U 1y Eu y )O 2x over the extensive range of composition (20-60 mol% Eu) are reported for the first time. The heat capacity of these solid solution decreases with the Eu content at all temperatures. An anomalous increase in the heat capacity is observed with the onset temperature around 950 K and is attributed to the 
